We investigated vascular reactivity in isolated, Tyrode perfused kidneys from male (blood pressure, 222.6 mm Hg) and female (blood pressure, 178.5 mm Hg) spontaneously hypertensive rats (SHR, 4-6 months age) and sex and weight matched normotensive Kyoto Wistar and Wistar control rats. Optimal perfusion flows and basal pressures were similar in sex-matched SHR and control rats. Subraaximal constrictor responses to renal nerve stimulation were normal in SHR kidneys, but responses to exogenous norepinephrine were greater than control. Cocaine potentiated nerve stimulation responses more in SHR than control kidneys, while exogenous norepinephrine responses were potentiated to a similar extent. Dose-response curves in SHR kidneys were to the left of control with the following order of shift magnitude; 5-hydroxytryptamine > angiotensin II > norepinephrine > barium. In SHR kidneys, the ED 20 (dose of agonist that evoked a 20% maximal response) for norepinephrine, 5-hydroxytryptamine, and angiotensin, but not for barium, was significantly lower than control; response duration was normal for norepinephrine and 5-hydroxytryptamine but prolonged for barium and angiotensin. SHR kidneys developed 5hydroxytryptamine tachyphylaxis more slowly than control. Dose-response curve shifts were greater in kidneys from male than female SHR, maximal responses were always increased in the former, but only for 5-hydroxytryptamine and angiotensin in the latter. These results indicate that in the SHR kidney (1) structural vascular changes may contribute to hyperreactivity in the male; (2) renal vessels of male and female SHR are supersensitive to receptorstimulating agonists and exhibit impaired relaxation; (3) normal nerve stimulation response amplitude is due to a more efficient, cocaine sensitive, neurotransmitter disposition masking increased norepinephrine sensitivity; and (4) the large increase in 5-hydroxytryptamine reactivity is partly due to attenuated tachyphylaxis.
VASCULAR REACTIVITY, or the ability of the blood vessels to respond to vasoconstrictor stimulation, is increased in perfused vascular beds from the Japanese strain 1 of spontaneously hypertensive rats (SHR). 2 Vascular reactivity in the kidney of the SHR has received little attention 3 despite the suggestion that this organ is dominant in the long-term control of blood pressure. 4 A recent study 5 in the New Zealand strain of genetically hypertensive rats" has demonstrated an increase in the renal vascular reactivity which could be the cause of hypertension. A similar inherent defect in renal vascular reactivity could cause the increased vascular resistance of the SHR kidney, 7 and impair renal function, thus precipitating the occurrence of the hypertension. This paper describes studies on vascular reactivity in an isolated perfused kidney preparation, from both male and female SHR. The response to stimulation of the vascular smooth muscle cells by exogenous agonists and ions is compared to the response evoked by stimulation of the renal sympathetic nerves.
Methods
Male and female SHR 1 , 4-6 months age, the Kyoto Wistar rats from which the SHR was developed, and an inbred strain of Wistar rats were used in this study. Systolic blood pressure was measured by an indirect tail cuff method 8 in unanesthetized rats.
Male and female SHR of similar age were found to have significantly different blood pressures and body weights ( Table 1) . Kidneys from male and female SHR were therefore evaluated separately and compared with kidneys from weight-and sex-matched control rats. In order to reduce nonhypertensive strain differences, each group of control rats consisted of 50% Kyoto Wistar and 50% inbred Wistar rats. Kidneys from SHR and control rats were perfused in parallel, with the same solutions, in 70% of the experiments.
THE ISOLATED PERFUSED KIDNEY 9 Rats were anesthetized (pentobarbitone-sodium, 50 mg/kg, ip) and one renal artery cannulated via the aorta. The kidney was perfused at constant flow by means of a roller pump (Gilson, Minipuls II), with Tyrode solution (37°C) of the following composition (mM):NaCI, 137; KC1, 2.7; CaCl 2 , 1.8; MgCl 2 , 1.1; NaHCO 3 , 12.0; NaH 2 PO 4 , 0.42; D(+) glucose, 5.6; aerated with 5% CO 2 in O 2 . The kidney was isolated by cutting the aorta, renal vein, and ureter, and was placed in a chamber containing Tyrode solution at 37°C. Renal vascular constrictor responses were recorded as increases in perfusion pressure, downstream from the pump.
Optimum perfusion conditions were determined for each kidney by stepwise increases in perfusjon flow rate. Electrodes placed around the renal artery, distal to the cannula, were used to stimulate the renal nerves (Janssen Scientific Instruments; Universal stimulator). A standard VOL. 41, No. 6, DECEMBER 1977 electrical stimulus (16 Hz, 10-sec duration every 4 minutes) was given at each flow rate. The minimum perfusion flow rate that permitted a maximal constrictor response amplitude was taken as optimum, and subsequently used. An equilibration period of 30-45 minutes was allowed before commencing the experiment. Frequency-responses curves to electrical stimulation were obtained by increasing frequencies (2-16 Hz) of stimulation (10 V, 2-msec pulse width) for periods of 20 or 60 seconds every 4 minutes. Dose-response curves to exogenous agonists and ions were made in the order, norepinephrine, 5-hydroxytryptamine, barium chloride and angiotensin II amide, by rapidly injecting constant volumes (0.02 ml for agonists, 0.1 ml for ions) into the perfusion system, close to the kidney. Injection of these volumes caused a small transient increase in perfusion pressure which preceded the agonist-evoked response. This injection artifact was the only change in perfusion pressure observed when Tyrode solution was injected into the system.
Minimum dosing cycles of 2 minutes for norepinephrine, 5-hydroxytryptamine, and barium chloride, and of 8 minutes for angiotensin II were used. When necessary, these time periods were extended until the previous response had disappeared. A fixed dosing cycle of 6 minutes was used in certain experiments which were designed to investigate the rate of development of response tachyphylaxis to 5-hydroxytryptamine. In some experiments cocaine, phentolamine, or guanethidine was added to the Tyrode solution and perfused continuously.
PRELIMINARY EXPERIMENTS
Kidneys from normotensive rats of both sexes were used to evaluate the viability of the perfused preparation. Optimum perfusion flow rate was usually reached at 5 ml/g of kidney weight per minute, and responses to renal nerve stimulation remained maximal up to 8 ml/g per min (« = 9). At the optimum flow rate, the basal perfusion pressure of the kidneys remained stable for 5-6 hours (n = 6). Norepinephrine dose response curves were repeatable and stable for at least 4 hours (n = 4 ) . At the end of the experiment, perfused kidneys weighed 106.2 ±. 5.5 (SEM) % of the nonperfused, contralateral kidney weight {n = 9 ) , indicating minimal edema formation.
DRUGS
The following drugs were used: angiotensin II amide (Ciba), barium chloride (Merck), cocaine hydrochloride (Bios), guanethidine sulfate (Ciba), 6-hydroxydopamine hydrochloride (Astra), 5-hydroxytryptamine creatinine sulfate (Calbiochem), (-)norepinephrine bitartrate (Fluka), papaverine hydrochloride (Roche), phentolamine mesylate (Ciba), reserpine (Sigma).
Doses of norepinephrine and 5-hydroxytryptamine are expressed as base; those of angiotensin II amide and barium chloride as salt.
ANALYSIS OF RESULTS
An increase in vascular reactivity can be caused by smooth muscle supersensitivity, 10 by a structural vascular change," or by both these factors. 12 Pure supersensitivity causes a parallel leftward shift of the agonist dose-response curve, with no change in the maximal response. 13 A purely structural alteration, due to medial hypertrophy and an increased wall to lumen ratio, increases the agonist dose-response curve slope and maximal response, causing an asymmetric shift of the curve to the left of control." The dose of agonist which evoked a 20% maximal response (ED 20 ) was used to evaluate sensitivity, since the complicating effects of structural vascular changes are least at small response amplitudes. 14 The duration of agonist-and ion-evoked responses was evaluated by the time for the response to decay to 50% of its maximal amplitude. This decay time was measured for doses of agonist and ion which evoked responses close to 50% of the maximal response for that substance (norepinephrine, 1.25 x 10~7 g; 5-hydroxytryptamine, 10" 6 g; barium chloride, 6.25 x 10~4 g; angiotensin II amide, 3.2 x 10" 9 g.
In some experiments cocaine was used to potentiate responses to norepinephrine and renal nerve stimulation. The norepinephrine dose-response curve shift induced by cocaine was evaluated by dividing the dose of norepinephrine which evoked a given response amplitude before cocaine by the dose needed to obtain a response of the same amplitude after cocaine. A similar procedure was used for the cocaine-induced shift in frequency response curves to renal nerve stimulation. Three response levels were used for norepinephrine, which equalled 20%, 50%, and 70% of the maximal response to this agonist. Two responses levels were used for renal nerve stimulation; 20% and 50% of the maximal norepinephrine evoked response. The effect of cocaine on norepinephrine response duration was evaluated by expressing the decay time (see above) after cocaine as a percentage of that before cocaine treatment.
Student's unpaired /-test was used throughout this study to evaluate differences between means; P < 0.05 was considered significant.
Results

THE EFFECTS OF COMPOUNDS WHICH INTERFERE WITH ADRENERGIC NERVES AND RECEPTORS ON RESPONSES OF PERFUSED KIDNEYS TO RENAL NERVE STIMULATION, VASOACTIVE AGONISTS, AND IONS
In these experiments, kidneys from normotensive rats of both sexes were used. Renal nerve stimulation evoked frequency-related increases in perfusion pressure. These responses were reduced or abolished by phentolamine (10~6 M, n = 6) guanethidine (5 x 10" 6 M, n -5) and by pretreatment of the rats, 18 hours before the experiment, with either 6-hydroxydopamine (30 mg/kg; iv) or reserpine (3 mg/kg; ip) ( Table 2 ). Renal nerve stimulation never evoked decreases in perfusion pressure, even in guanethidine-treated kidneys with vasoconstrictor tone induced with norepinephrine.
Norepinephrine, 5-hydroxytryptamine, barium chloride, and angiotensin II amide all induced dose-related increases in perfusion pressure. Norepinephrine evoked responses were antagonized by phentolamine (10~( i M, n = 6). Pretreatment of the rats with 6-hydroxydopamine potentiated perfused kidney responses to norepinephrine but reserpine pretreatment had no significant effect ( Table  2) . 5-Hydroxytryptamine-evoked responses were normal in kidneys from 6-hydroxydopamine pretreated rats but were potentiated by reserpine pretreatment ( Table 2) . Barium chloride and angiotensin II amide-evoked responses were not significantly altered by 6-hydroxydopamine or reserpine pretreatment ( Table 2 ). Responses to barium chloride were not blocked by phentolamine (10" (i M, n = 6).
OPTIMUM PERFUSION FLOW RATE AND BASAL PERFUSION PRESSURE IN KIDNEYS FROM SHR AND CONTROL RATS
The weight and optimum flow rate of kidneys from male and female SHR did not differ significantly from their sex-matched controls ( Table 1 ). There was also no significant difference in basal perfusion pressure at a variety of flow rates in kidneys from SHR and sex- matched control rats ( Fig. 1 ). However, kidneys from the larger male rats had significantly higher basal perfusion pressures than kidneys from female rats, irrespective of the systemic blood pressure ( Fig. 1 ). Papaverine (1 mg) failed to induce a significant fall in perfusion pressure in kidneys from SHR (n = 1 male; n = 4 female) or control rats (n = 1 male; n = 4 female), indicating an atonic preparation.
VASCULAR REACTIVITY IN KIDNEYS FROM MALE AND FEMALE SHR AND CONTROL RATS
Renal Nerve Stimulation and Exogenous Norepinephrine
There was no significant difference between the amplitude of responses evoked by renal nerve stimulation (60 seconds duration) in kidneys from female SHR and control rats (Fig. 2 ). Kidneys from male SHR also responded normally to renal nerve stimulation, except at 16 Hz when the response was significantly greater than control (Fig. 2) . In marked contrast, responses to submaximal doses of exogenous norepinephrine were significantly Data are expressed as mean ± SEM for six rats in each group. * The sensitivity to agonists is shown as -log ED^. A significant reduction of the E D^ (dose that evoked a 50% maximal response) indicates potentiation and a leftward shift of the dose-response curve; however, ED*, is expressed as a negative logarithm so that a reduction in its absolute value is reflected by an increase in the numerical value of the -log ED M . t Significantly different from control. greater than control in kidneys from both male and female SHR (Fig. 3 ). The ED 20 dose was significantly smaller in kidneys from male and female SHR than from the sexmatched control ( Table 3 ). The norepinephrine doseresponse curve slopes and the response durations in kidneys from SHR were not significantly different from the sex-matched control ( Table 3 ). Norepinephrine consistently evoked significantly greater response amplitudes in kidneys from male than from female SHR. The norepinephrine maximal response was elevated in kidneys from male but not female SHR (Fig. 3 ). The only apparent sex-related difference between control kidneys was a slightly lower vasoconstrictor threshold for nerve stimulation and exogenous norepinephrine in the male (Figs. 2 and 3). To investigate the discrepancy between reactivity changes to nerve stimulation and exogenous norepinephrine, the effects of cocaine (10~6 M) on responses to renal nerve stimulation (20 seconds duration) and norepinephrine were examined. In these experiments, kidneys from a different group of SHR and control rats were used, which exhibited similar changes in vascular reactivity to those previously described. Cocaine caused a leftward shift of the frequency response curve to electrical stimulation which was of significantly greater magnitude in kidneys from both male and female SHR than in kidneys from sex-matched controls ( Table 4 ). Dose-response curves to norepinephrine were also shifted to the left by Data are expressed as mean ± SEM for six rats in each group. * A significant reduction of the ED, 0 (dose that evoked a 20% maximal response) indicates supersensitivity, however, as ED M is expressed as a negative logarithm, and a reduction in its absolute value is reflected as an increase in the numerical value of the negative logarithm. t Significantly different from control. t Significantly different from opposite sex. t The cocaine induced, percentage increase in the time for the response to decay to 50% of its maximal amplitude. t Frequency ratio = ratio of the stimulation frequencies that evoked equivalent response amplitudes before and after cocaine.
§ Significantly different from control.
cocaine; however, neither the magnitude of this shift nor the prolongation of the response, caused by cocaine, were significantly different between kidneys from SHR and sex-matched controls ( Table 4 ). There were no significant sex differences in the response curve shift or the response prolongation caused by cocaine in kidneys from male and female SHR or control rats.
5-Hydroxytryptamine
Responses, including the maximum, to 5-hydroxytryptamine were of significantly greater amplitude in kidneys from both male and female SHR compared with the sexmatched controls (Fig. 4) . The shift to the left of the 5hydroxytryptamine dose-response curve in kidneys from SHR was greater than the shift for norepinephrine curves in the same kidneys ( Figs. 3 and 4 ). The ED 20 was significantly reduced in kidneys from both male and female SHR and the dose-response curve slopes were steeper than in the control (Table 3) . Response duration was, however, normal in SHR kidneys (Table 3) . Kidneys from male SHR exhibited larger increases in dose-response curve slope, a larger shift to the left of the doseresponse curve, and a greater reduction in ED 20 than kidneys from female SHR (Fig. 4 , Table 3 ). Dose-response curves to 5-hydroxytryptamine in kidneys from male and female control rats were similar except for a significantly lower ED 20 in the female ( Table 3 ).
The rate of development of tachyphylaxis to 5-hydroxytryptamine was examined in kidneys from another group of SHR and control rats which exhibited similar differences in vascular reactivity to those already described. High doses (2 x 10~5 g) of 5-hydroxytryptamine were repeatedly given to kidneys from SHR and control rats. Doses were administered every 6 minutes, as this time period was sufficient for the disappearance of the previous response. The results were expressed as a percentage of the first response ( Fig. 5 ). Response amplitudes to the first dose of 5-hydroxytryptamine were significantly greater in kidneys from male (266.0 ± 10.0 mm Hg) and female (237.3 ± 18.6 mm Hg) SHR than from male (188.0 ± 15.6 mm Hg) and female (172.0 ± 12.4 mm Hg) control rats. Kidneys from both male and female SHR developed tachyphylaxis more slowly than kidneys from sex-matched control rats (Fig. 5 ). The rate of development of tachyphylaxis was significantly slower in kidneys from male than from female SHR, whereas there was no significant difference in this parameter in kidneys from male and female control rats.
Barium Chloride
Responses to low doses of barium chloride were of significantly greater amplitude in kidneys from male and female SHR than from control rats (Fig. 6 ). The maximal response to this ion was increased in kidneys from male but not from female SHR (Fig. 6 ). Barium chloride doseresponse curves were shifted to the left of control in kidneys from SHR and this shift was smaller than that for norepinephrine in the same kidneys ( Figs. 3 and 6 ). Neither the ED 20 nor the dose-response curve slope were significantly different from control in SHR kidneys; however, responses in SHR kidneys were prolonged compared with the sex-matched control ( Table 3 ). There were no significant differences between barium dose-response curves and response duration in kidneys from male and female control rats ( Table 3 , Fig. 6 ).
Angiotensin II Amide
Responses to angiotensin II were of significantly greater amplitude than control in kidneys from both male and female SHR (Fig. 7) . The maximal response amplitude was increased, the ED 20 significantly lowered, and the response duration significantly longer in kidneys from male and female SHR than from sex-matched control rats ( Table 3 , Fig. 7 ). Dose-response curve slopes were not significantly different from control in kidneys from male or female SHR ( Table 3 ). The shift of the angiotensin II dose-response curve was greater in kidneys from male than from female SHR (Fig. 7) . Control dose-response curves exhibited only one sex difference, a significantly greater maximal response amplitude in the female (Fig. 7) . 
Discussion
This study demonstrates that there are inherent differences between the reactivity of renal vascular smooth muscle from SHR and from normotensive control rats. These differences in reactivity could be caused by alterations in the structure" or sensitivity (function) 10 of the SHR renal vascular bed.
STRUCTURAL VASCULAR ALTERATIONS
If an adaptive structural change involving medial hypertrophy" has occurred in the renal vessels of 4-to 6 monthold SHR, it is not accompanied by a narrowing of the vessel lumen; this conclusion is prompted by the similarity in pressure-flow relationships of the atonic renal vascular bed from sex-matched SHR and control rats. The renal vascular bed may, however, be atypical in its structural adaptation to a high pressure load 3 in that medial hypertrophy may not involve any luminal encroachment.
An increase in medial thickness without narrowing of the lumen still should cause a nonparallel shift of the MALE FEMAII 7 9 AH6BIEH5IN II AHOE HOG 9) FIGURE 7 Log dose-response curves to angiotensin II amide in kidneys from male and female SHR and control rats. Mean increases in perfusion pressure (± SEM,) of kidneys from female control rats (O) (n = 6); female SHR (D) (right panel) (n = 6); male control rats (9) (n = 6); male SHR (U) (left panel) (n = 6). Significant differences (P < 0.05) between kidneys from SHR and control rats are indicated by*.
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765 dose-response curve, due to an increase in its slope, as well as an augmented maximal response. 3 If such a structural change were the only factor involved, it should affect the response to all agonists to the same extent. This obviously is not the case in the renal blood vessels of the SHR. In both male and female hypertensive animals, the importance of the shift in dose-response curves depended upon the agonist used (5-hydroxytryptamine > angiotensin II > norepinephrine > barium chloride). Although the shift tended to be nonparallel (see Table 3 ), the only significant increase in slope of the dose-response curve was that observed for 5-hydroxytryptamine, but the slower development of tachyphylaxis to the latter agonist probably explains why the slope of the dose-response curve to it is significantly altered. Maximal responses of male SHR kidneys were always significantly greater than those of controls; in the female SHR, the maximal response was augmented for 5-hydroxytryptamine, and to a lesser extent for angiotensin II, while it was not significantly different from control for norepinephrine and barium chloride. These findings all strongly suggest that nonspecific structural changes are not the sole explanation of the increased reactivity of the SHR renal vasculature noted in the present experiments.
It was a systematic finding that the shifts in doseresponse curves were not as pronounced in kidneys from female than in those from male SHR. This cannot be seen as a direct consequence of the sex or weight difference as there were no such consistent differences between responses of kidneys from male and female control rats. Structural vascular changes, involving medial hypertrophy, generally are accepted to be secondary in hypertension 12 ' 13 and determined by the severity and duration of the high pressure. The relative lack of evidence of medial hypertrophy in the female SHR in the age group studied may therefore be a consequence of the lower blood pressure and slower development of hypertension in the female compared to the male SHR. 15 The normal optimum flow rate of kidneys from both male and female SHR indicates that the high systemic pressure has not altered the length-active tension relationship of the renal vascular smooth muscle. A normal length-active tension curve has also been described in femoral artery strips from the SHR. 16 Optimum flow rates, expressed per gram of tissue, were not significantly different in kidneys from male and female SHR and sex-matched control rats, however, perfusion pressures were consistently higher in kidneys from male rats irrespective of the systemic blood pressure. This significant difference validates the use of sex and weightmatched control rats. 5 In the kidney, barium ions cause vasoconstriction which is unaffected by a-adrenoceptor blockade and endogenous neurotransmitter depletion. This indicates that the ion has a direct action on the vascular smooth muscle which does not involve the release of norepinephrine or the stimulation of a-adrenoceptors. Likewise, it is most unlikely that barium ions interact with specific angiotensin II or 5-hydroxytryptamine receptors. Barium ions thus may reveal alterations in vessel structure, independent of specific changes in receptor sensitivity. 14 Responses, including the maximum, were of greater amplitude than control in kidneys from male SHR; however, the sensitivity to the ion was normal, judging from the ED 20 values. Similar changes have been reported in the SHR hindquarters preparation. 14 Kidneys from female SHR responded somewhat differently to barium ions, with both the sensitivity and the maximal response being normal, which supports the hypothesis that structural vascular changes are less pronounced in the female than in the male SHR.
There are some aspects of the barium dose-response curve which do not entirely support the idea that this ion reveals purely structural vascular changes. 14 The effect of a structural vascular change should be greatest at high concentrations of the ion. Kidneys from female SHR, however, responded to low concentrations of barium with significantly greater response amplitude, even though the maximal response was not significantly greater than control. In addition, the significant prolongation of the barium response in kidneys from both male and female SHR cannot be accounted for by a structural vascular change but could be explained by a change in membrane permeability or a decrease in cation sequestration, as has been suggested to occur in SHR vascular smooth muscle. 17 -18 
ALTERATIONS IN VASCULAR SENSITIVITY
In kidneys from the SHR dose-response curve shifts for receptor stimulating agonists were greater than that for barium ions, in addition, there were significant reductions in ED 20 for all receptor stimulating agonists but not for barium. These results indicate that increases in vascular sensitivity are present in the renal vascular smooth muscle of the SHR. and that this supersensitivity is associated with receptor mediated activation. Sensitivity changes may be more obvious in kidneys from the female SHR in which the complication of vascular structural changes is less pronounced.
Endogenous and Exogenous Norepinephrine
The renal periarterial electrical stimulation used in these experiments must activate sympathetic nerves which subsequently release endogenous norepinephrine, as responses were markedly reduced by drugs with block aadrenoceptors (phentolamine), the adrenergic neurone (guanethidine), or which deplete (reserpine) or destroy (6-hydroxydopamine) the sympathetic nerve terminals. Responses to low frequency renal nerve stimulation were essentially unchanged in kidneys from male and female SHR. The only significant change was in the response to a high frequency of stimulation (16 Hz) which was increased in kidneys from male but not from female SHR. Responses to sympathetic nerve stimulation also have been reported as largely normal in the SHR hindquarters preparation. 19 The normality of responses to renal nerve stimulation is surprising in view of the increased reactivity to norepinephrine observed in SHR kidneys. This paradox could be explained if there were inhibitory nerves in the kidney which are more effective in the SHR. However, the absence of a vasodilator response to nerve stimulation VOL. 41, No. 6, DECEMBER 1977 after guanethidine confirms previous studies 20 ' 21 which have suggested the absence of such nerves. The lack of augmented responsiveness to periarterial nerve stimulation could also result from a relative impairment in the ability to store and/or to release norepinephrine; in view of the biochemical and histochemical data available on the turnover of norepinephrine in different tissues of the SHR, including the kidney, 22 " 24 this hypothesis is unlikely. A further hypothesis which could explain this paradox is that smooth muscle cell supersensitivity to norepinephrine is asymmetrically distributed in the blood vessel wall, with the most sensitive cells on the medial-intimal border and the least sensitive on the adventitial-medial interface. Such asymmetry could be a property of the a-adrenoceptor or be due to regional variations in the disposition of the agonist. 25 Thus, an increase in the efficiency of neuronal reuptake would reduce sensitivity in the vicinity of the nerve endings (adventitial-medial border) and reduce response amplitude to neurally released norepinephrine more than to the intraluminally applied agonist. Cocaine was found to potentiate responses to renal nerve stimulation to a significantly greater extent in the SHR than in control kidneys. This indicates that a more effective, cocaine-sensitive disposition of neurally released norepinephrine is one cause of the disparity between responses to exogenous norepinephrine and nerve stimulation.
Perfused kidneys from SHR were found to be supersensitive to norepinephrine, as judged by the lowered ED 20 . An increase in sensitivity to this agonist is probably not confined to the renal vascular bed, as it is also reported in the hindquarters and mesenteric artery preparation from SHR of a similar age. 19 -2li The cause of vascular supersensitivity to norepinephrine is unclear. Theoretically, it could be due to a specific increase in sensitivity to aadrenoceptor stimulation, to a decreased sensitivity of the /3-adrenoceptor, or to a decrease in either extraneuronal or neuronal disposition of norepinephrine. Reduced /3adrenoceptor sensitivity is unlikely, as the vascular relaxation evoked by stimulating this receptor is increased in the aorta of the SHR. 27 A reduction in the efficiency of extraneuronal uptake is also unlikely, as this disposition mechanism is reported to be more effective in blood vessels which have been exposed to a high pressure load. 28 The potentiation of response amplitude and duration, caused by cocaine, was not significantly different in kidneys from SHR and control rats. The alteration in the cocaine-sensitive (neuronal) uptake mechanism for norepinephrine therefore is not a major cause of the supersensitivity to the intraluminally applied agonist. Cocaine (10~5 M) has been reported to potentiate norepinephrineevoked responses in mesenteric preparations from control rats but not from the SHR. 29 This apparent contradiction of the present results can probably be explained by the higher concentration of cocaine used by the previous investigators. 29 Cocaine at 10~6 M has its major effect on norepinephrine reuptake, 30 and at 10~5 M it also has significant local anesthetic effects which may well be more pronounced on the smooth muscle cells of the SHR, which have a less stable membrane. 1 '- 31 
-Hydroxytryptam ine
Dose-response curves to 5-hydroxytryptamine were altered dramatically in kidneys from both male and female SHR A similar increase in reactivity to this agonist has also been reported in the SHR mesenteric artery preparation (10) . The magnitude of the dose-response curve shift for 5-hydroxytryptamine in kidneys from SHR was greater than that for norepinephrine, indicating that some additional factor is involved in the increased reactivity to the former agonist. One obvious reason for the marked change in the 5-hydroxytryptamine dose-response curve, and in the maximal response, is the faster development of tachyphylaxis to this agonist in kidneys from control rats compared with those from the SHR (see Fig. 5 ). A faster rate of development of tachyphylaxis would cause a greater inhibition of responses to successive doses of agonist in kidneys from control rats than from SHR Kidneys from female SHR developed tachyphylaxis faster than those from the male, and this could account for the greater shift of the 5-hydroxytryptamine dose-response curve and the greater increase in maximal response in the latter, although structural adaptation also may contribute to this difference.
The mechanism of tachyphylaxis to 5-hydroxytryptamine is unknown, but is unlikely to involve release and depletion of endogenous norepinephrine stores, since, in control kidneys, responses were unaffected by 6-hydroxydopamine treatment. Reserpine pretreatment potentiated responses to 5-hydroxytryptamine but not to norepinephrine. This unusual observation could be explained by a post-synaptic action of reserpine 32 which affects responses to 5-hydroxytryptamine more than those evoked by norepinephrine.
Angiotensin II
Kidneys from both male and female SHR exhibited supersensitivity to angiotensin II. Previous studies have also demonstrated an increase in sensitivity to angiotensin II in the whole animal 33 and the perfused hindquarters preparations of the SHR, 19 indicating that this change is not located only in the kidney. The increased duration of responses to angiotensin II in kidneys from male and female SHR could indicate an impairment of angiotensin 11 degradation or a defect of vascular relaxation, as also suggested by the prolongation of barium-evoked responses.
The increased maximal response amplitude evoked by angiotensin II in kidneys from male SHR was in line with the data on other agonists and ions. The increased maximum in kidneys from female SHR was, however, atypical since maximal responses to barium ions and norepinephrine were normal. The maximal angiotensin-evoked response was also significantly greater in kidneys from female than from male control rats, whereas maximal responses to other agonists were similar. These results indicate that the maximal angiotensin H-evoked response can be determined by factors other than a structural vascular change or exposure to high blood pressure.
RENAL HEMODYNAMICS
The renal hemodynamic consequences of changes in vascular reactivity will depend on the in vivo level of vasoconstrictor stimulation. To judge from the present experiments, increased renal vascular resistance in the SHR would occur in the face of increased sympathetic nervous tone 34 -35 or normal levels of norepinephrine 36 or of angiotensin II. 37 The plasma level of 5-hydroxytryptamine in the SHR is reported to be 0.25 /xg/g. 38 To judge from the dramatic increase in reactivity to the amine, such a level of 5-hydroxytryptamine may also be a cause of the increased renal vascular resistance which mayprecipitate and maintain hypertension in the SHR.
